Long-term column studies with ozonated secondary effluent were conducted to evaluate the removal of dissolved organic carbon (DOC) and to assess formation and stability of the oxidation by-product bromate in combined ozonation and managed aquifer recharge (MAR) systems. DOC 
INTRODUCTION
In recent years, there has been growing concern regarding the occurrence of trace organic compounds (TrOCs) in the aquatic environment (Schwarzenbach et al. ) . Conven- To our knowledge, the biological removal of bromate in MAR systems has not been addressed in previous studies. In this study we assessed the effect of ozonation on the removal of bulk organic carbon in long-term column studies, with a special focus on elucidating the effects of pre-oxidation of organic matter and a supply of excess oxygen for subsequent aerobic biodegradation processes. In addition, the removal of bromate was investigated in different column systems under both oxic and anoxic conditions. and SC3 over a period of 4 months (September-December 2010). The feed water was stored in 13 L containers at room temperature and replaced weekly. Using conservative tracers, the hydraulic retention time (HRT) in the columns was determined to be 5-6 days (data not shown). Column effluents were sampled 6 days after starting using a new feed solution to account for the HRT in the column system and to provide corresponding sample sets.
EXPERIMENTS
Ozonation of feed waters was conducted weekly at room temperature in a 13-L semi-batch stirred tank reactor.
Gaseous ozone was produced from pure oxygen using a Modular 8 HC generator (Wedeco, Germany). Ozone concentration of applied and off-gas, dissolved ozone and gas flow rate were measured continuously using BMT 964 and BMT 961 TPC (BMT, Germany), Orbisphere 31331.1 (Orbisphere, Germany) and 807 MFM O2 (Bürkert, Germany) probes, respectively. In order to set up a complete mass balance, all off-gas ozone was stripped with pure oxygen before sampling. Operating conditions and prevailing redox conditions of column experiments are summarized in Table 1 .
Description of recirculating column experiments
In addition, bromate removal under anoxic conditions was However, sampling of effluent from column SC 2 for DOC analyses was always scheduled after a completely oxic column passage (as indicated in Table 1 ). In order to assess the effect of redox conditions on DOC removal, oxic conditions without ozonation were established in column SC4 (by the addition of H 2 O 2 to the feed water).
Simulated MAR under oxic conditions in SC4 resulted
in DOC removal of 27 ± 9% (Figure 2 ), demonstrating that both the formation of easily degradable DOC and the establishment of oxic redox conditions play an important role in the increased biodegradation of organic carbon after ozonation.
Bromate formation and degradation in long-term column experiments
Bromate formation by ozonation with specific ozone consumption up to 0.9-1.0 mg O 3 /mg DOC did not exceed the limit of 10 μg/L as promulgated by the EU Drinking Water Directive (Figure 3 ). Applying higher ozone dosages resulted in a strong increase in bromate levels. In these cases, especially with respect to water reuse applications, measures for bromate control or removal need to be considered. However, the mechanism for bromate formation during ozonation highly depends on the feed water quality and the transfer of these results to other sites should be used with caution.
Monitoring of bromate concentration in column influents is illustrated in Figure 4 . An average bromate formation of 2.9 ± 1.9 μg/L was observed with a specific ozone consumption of approximately 0.7 mg/mg DOC (feed water for the oxic column). An increase in specific ozone consumption in the second experimental phase resulted in higher bromate levels (feed water for the anoxic column).
The high variation in bromate formation is mostly due to changes in the adjusted ozone consumption (consumed ozone depends on ozone dosage and water quality parameters such as DOC, and nitrite) but also weekly changes in water quality might play a role.
As expected, bromate was not efficiently removed during oxic infiltration. Whereas low initial bromate concentrations (2.9 ± 1.9 μg/L) slightly decreased, no significant reduction was observed during the spiking experiment with 100 μg/L bromate. In contrast, the operation of anoxic columns resulted in consistent partial bromate removal of approximately 30% for different initial concentrations. In the same column, a slight but significant removal of nitrate (see values reported in Table 1 ) suggested the prevalence of anoxic processes within the column.
These results indicate simultaneous consumption of bromate and nitrate as electron acceptors.
In combined ozone/MAR systems, however, infiltration of ozonated water occurs under highly oxic conditions and establishment of anoxic conditions would only occur where additional oxygen demand is provided (e.g. percolation through organic rich sediment layers). Therefore, a mitigation of the bromate by-product is not expected to occur during subsequent soil aquifer treatment, and measures for bromate control must be applied during ozonation dependent upon water quality requirements of the desired water reuse practice.
Bromate removal in small-scale anoxic columns
Additional anoxic small-scale column studies were conducted to simulate a worst-case scenario representing a de facto potable reuse situation where secondary treated Bromide concentration in the spiking experiment with These results demonstrate that an accumulation of bromate in partially closed urban water cycles including prevailing anoxic bank filtration conditions is not to be expected. However, groundwater recharge and soil aquifer treatment systems after ozonation usually result in highly oxic subsurface conditions, and anoxic conditions might only occur in infiltration systems with efficient aeration (stripping of excess oxygen) and/or percolation through organic-rich sediment layers. In these situations, MAR
would not provide efficient bromate mitigation and bromate levels in reclaimed water would need to be controlled upstream during ozonation.
